We present optical interferometric observations of two double-lined spectroscopic binaries, HD 6118 and HD 27483, taken with the Palomar Testbed Interferometer (PTI) in the K band. HD 6118 is one of the most eccentric spectroscopic binaries and HD 27483 a spectroscopic binary in the Hyades open cluster. The data collected with PTI in 2002-2003 allow us to determine astrometric orbits and when combined with the radial velocity measurements derive all physical parameters of the systems. The masses of the components are 2.65 ± 0.27M ⊙ and 2.36 ± 0.24M ⊙ for HD 6118 and 1.38 ± 0.13M ⊙ and 1.39 ± 0.13M ⊙ for HD 27483. The apparent semi-major axis of HD 27483 is only 1.2 mas making it the closest binary successfully observed with an optical interferometer.
Introduction
Following Michelson's suggestion and his success in measuring diameters of Jupiter satellites with an optical interferometer (Michelson 1891) , Schwarzschild managed to resolve a number of double stars with his own grating interferometer (Schwarzschild 1896) . Not long afterward, Anderson determined the first visual orbit of Capella (Anderson 1920) , later improved by Merrill (1922) with the same instrument -the rotating interferometer attached to the 100-inch telescope at the Mount Wilson Observatory and originally used by Michelson. In the same experiment, Merrill also attempted to resolve a number of spectroscopic binaries but without success.
The modern generation of interferometers developed in the 80's and 90's finally allows to resolve and subsequently determine visual orbits of spectroscopic binaries in a fairly routine manner. Up to date about twenty spectroscopic binaries have had their orbits determined with optical interferometers (for a review see Quirrenbach 2001) . The Palomar Testbed Interferometer (PTI) itself has been successfully used to determine a number of visual orbits of double-lined spectroscopic binaries including RS Cvn (Koresko et al. 1998) , ι Peg , 64 Psc , 12 Boo (Boden, Creech-Eakman, & Queloz 2000) , BY Dra (Boden & Lane 2001 ) and Gliese 793.1 (Torres et al. 2002) . The other instruments that have been successfully used in binaries studies include the Mark-III (Shao et al. 1988) and the Navy Prototype Interferometer (Armstrong et al. 1998 ).
The capability to determine visual orbits of spectroscopic binaries is an instrumental achievement very important for stellar astronomy. It allows to derive all geometric orbital elements, precise magnitude differences between the components and their angular diameters. This information combined with spectroscopic and photometric data yields colors, luminosities, masses and distance to the system. For binaries with resolved components it also provides their radii and temperatures. It is noteworthy that in some cases the derived component masses are already at the 1 − 2 percent precision level sufficient to constraint modern main and post-sequence stellar models (see e.g. Torres et al. 2002) . Significant progress in this area is expected when the new generation of optical interferometers offering baselines longer than a hundred of meters, e.g. CHARA (McAlister et al. 2000) , and/or large apertures e.g. the Keck Interferometer (Colavita & Wizinowich 2000) or the Very Large Telescope Interferometer (Glindemann et al. 2000) become fully operational. Still, observing spectroscopic binaries with currently available optical interferometers is a sensible goal as the potential of these instruments and the reservoir of accessible targets has not been depleted. Interferometric observations of currently accessible spectroscopic binaries combined with other observables deliver a complete set of physical parameters for the components in a much shorter period of time than astrometric observations of visual binaries (which have orbital periods measured in years) and in contrast to eclipsing binaries can be successfully carried out for systems with arbitrary orbital inclinations.
In Spring 2001 we have undertaken at the PTI an observing program to determine the orbits of resolvable spectroscopic binaries from the Batten catalog (Batten, Fletcher, & MacCarthy 1989 , 1997 ). Here we report our first results -the visual orbits of two doublelined binaries, HD 6118 one of the most eccentric spectroscopic binaries and HD 27483 a spectroscopic binary in the Hyades open cluster, which were observed with the PTI in K band (2.2 µm) band in 2001 and 2002.
Interferometric observable

Theory
From the theoretical standpoint optical interferometry differs little if at all from its radio counterpart. The fundamental observable from a two aperture interferometer is the fringe visibility (also called coherence function or just visibility) represented by a (usually complex) number Γ = V e −iφ where V is its amplitude and φ phase. The relation between visibility and the source intensity distribution I(∆α, ∆δ) is given (under source incoherence and small-field approximations) by the van Cittert-Zernike Theorem (Born & Wolf 1999; Thompson, Moran, & Swenson 2001) 
where (∆α, ∆δ) are the coordinates in the tangent plane of the sky and (u, v) = B ⊥ /λ are the coordinates of the projected baseline vector (B represents the spatial separation of the apertures) in the same plane and expressed in units of the observing wavelength λ.
The amplitude of the visibility has dimensions of power and corresponds to the amount of power that the interferometer measures. Real instruments typically produce the normalized (by the total power received from the source), dimensionless visibility amplitude, 0 ≤ V ≤ 1. For our further considerations two model visibility amplitudes are particularly useful: that of a uniform disk (i.e. a single star), and that of a binary system comprised of two model disks. It easy to show that these are given by respectively (see Boden 2000)
where B ⊥ = B ⊥ is the length of the projected baseline vector and
where V 1 , V 2 are the visibilities of individual stars given by (2), r is the brightness ratio at the observing wavelength λ (r = P 2 /P 1 where P 1 , P 2 are the total powers of the binary components at the given wavelength) and ∆s = (∆α, ∆δ) is the separation vector between the primary and the secondary in the plane tangent to the sky.
Practice
The Palomar Testbed Interferometer (PTI) developed by the Jet Propulsion Laboratory, California Institute of Technology, for NASA to test interferometric techniques, is a longbaseline infrared interferometer located at Palomar Observatory, California. It consists of three fixed 40 cm apertures that combined pairwise offer baselines between 86 and 110 m. It operates in two wavelength ranges K (∼ 2.2µm) and H (∼ 1.6µm). Full details of the instrument's architecture and operation can be found in . The data reduction and calibration procedures for the instrument are described in Boden, Colavita, van Belle, & Shao (1998); ; Lane, Colavita, Boden, & Lawson (2000) .
Optical interferometers typically produce only square of visibility amplitude, V 2 . The reason for this is that the phase of the measured visibility is usually corrupted by the atmosphere. In addition, we are able to construct unbiased V 2 estimators Mozurkewich et al. 1991) . In the case of PTI data, the square of visibility amplitude is estimated as the average of the visibilities from all the channels of a given band (K, 2.0-2.4 µm; H, 1.4-1.8 µm) and corresponds to the SNR-weighted mean wavelength, λ. The remaining step that finally results in a reliable V 2 for an astronomical source is the calibration process.
Ideally, an interferometer's response to a point source would be V 2 = 1. However since generally speaking a real instrument is not perfect and does not operate in a perfect environment, the response to a point source, called system visibility, is V 2 sys < 1 and this value changes temporally (varying seeing index being one of the contributors) and spatially (e.g. with apparent source position). Thus the calibration process involves interlacing target observations with calibrator observations and using V 2 sys to calibrate the target observation in a simple but effective way (Boden, Colavita, van Belle, & Shao 1998; Mozurkewich et al. 1991 )
Choosing an appropriate set of calibrators is an important part of the interferometric observation. The choice of calibrators is dictated by a few, mostly common sense requirements:
(1) a calibrator should have similar brightness to the target (although it should not be too faint if the target happens to be faint for a given interferometer) (2) it should be located in the sky not far from the target (3) finally, an ideal calibrator should resemble a point source as closely as possible. The last requirement is dictated by the estimation of the system visibility through
where V 2 cal−measured is a measured visibility and V 2 cal−expected is an expected (model) visibility of a calibrator. From the above equation, it is clear that a calibrator should have as simple model visibility as possible to avoid introducing any model dependent systematic errors in the estimated system visibility. It can be realized quite well using single stars. Their model visibility can be described using equation (2) where the only unknown is the diameter of the star. With few exceptions, the diameters of stars are not know from direct observations. Hence to minimize the errors in the estimated system visibility due to errors in the (estimated) diameters of the calibrators (note that dV sys /dθ → 0 as θ → 0), it is best to use calibrators which are as unresolved as possible (or alternatively use stars which have diameters very well determined). For the purpose of the calibration process, one can determine angular diameters of the calibrators by fitting the black body model to their archival photometric data. Assuming that the calibrators are essentially unresolved, such a procedure (i.e. errors in the estimated angular diameters) will not corrupt the calibration process.
It is sufficient to have two calibrators. However since more than 1/2 of all stars are in binary or multiple systems, one will sooner or later find out that one of the calibrators is a previously unknown binary. Hence a set of three calibrators is a practical and safe choice. From experience with PTI it follows that it is best to observe targets and calibrators in interleaved, short period (∼ 10 minutes) intervals to properly address any sky position-dependent and temporal variations in the system visibility. For the purpose of the orbit determination of a spectroscopic binary, it is beneficial to observe a target over 2-3 hour time span and gather V 2 measurements corresponding to different projections of the separation vector ∆s onto the baseline vector B ⊥ (conf. equation (3)). Also a final set of V 2 measurements should correspond to a fairly complete orbital phase coverage. An incomplete coverage may cause significant problems in assessing if the best-fit solution is indeed the correct orbital solution (see next section).
In the end, the observer is served by the reduction pipeline with the following six
i is the calibrated visibility amplitude squared, σ i its error, λ i is the mean wavelength for the observation, and (u i , v i ) are the components of the projected baseline vector. While a (very small) error in t i is completely unimportant for further considerations, {λ i , u i , v i } are known with finite precision and a proper error analysis should take their uncertainties into account. Also to perform the calibrations, the diameters of the calibration stars are necessary. Since these are known with finite precision, their uncertainties should also be taken into account.
Data modeling
The interferometric observations of spectroscopic binaries share the description of the binary motion with regular astrometry of visual binary stars. The motion of the primary with respect to the secondary is thus described by the following equations (see e.g. Kovalevsky 1995; Kamp 1967) 
where E = E(t) is the eccentric anomaly given by the Kepler equation E − e sin E = 2π(t−T p )/P , P is the orbital period, a, e, i, ω, Ω, T p are the standard Keplerian elements-the semi-major axis, the eccentricity, the inclination, the longitude of pericenter, the longitude of ascending node and the time of periastron, and κ is the parallax. The above equations can be used together with the equation (3) to model the observed visibilities. The typical approach is the least-squares fit with respect to the following set of parameters {r,â, P, e, i, ω, Ω, T p } whereâ = κa is the apparent semi-major axis. Obtaining the set of parameters that truly correspond to the global minimum of χ 2 is more tedious than in the case of radial velocity or astrometric data. From the relative orbit alone there are a few possible solutions for the pair of angles ω, Ω. Namely ω, Ω as well as ω ± π, Ω ± π. Also, since the visibility itself depends on the scalar product B ⊥ · ∆s, it is invariant under the rotations of the separation vector ∆s by π. Effectively, χ 2 has many local well defined minima and in order to find the global minimum one needs to carry out the least-squares fit on a grid of initial values of the model parameters that covers the entire parameter space.
Spectroscopic binaries that are observed with optical interferometers have usually well determined orbits from radial velocity (RV) measurements. It substantially reduces the computational effort to obtain the best-fit parameters as the spectroscopic orbit already supplies most of them (e.g. it enables to resolve ambiguity in ω but not in Ω). In fact it is useful to combine the fit to radial velocities and visibilities into one procedure by defining χ 2 as
where σ V 2 , σ RV are the measurement errors and V 2 , RV denote model observables, and performing the fit over the entire set of parameters including those intrinsic to the radial velocity model. To perform the fits, we employ the Levenberg-Marquard algorithm (see e.g. Press, Teukolsky, Vetterling, & Flannery 1992) . The formal errors of the fitted parameters can easily be computed within the least-squares fit formalism. However one cannot forget about the additional systematic errors that come from several sources (1) the uncertainty in the projected baseline (u, v) (2) the uncertainty in the mean wavelength λ (3) the uncertainties in the diameters, θ j , of the calibrators (which affect the modeled visibility through equations (4)) and the components of the binary (which affect the modeled visibility through equations (3)). For the purpose of this work we adopt that following conservative, based on our experience with the PTI, estimates of these uncertainties (1) 0.01 percent in (u, v), (2) 1 percent in λ and (3) 10 percent in the calibrator and binary components diameters.
HD 6118
HD 6118 (σ Psc, HR 291, HIP 4889) is a double-lined spectroscopic binary with an orbital period of 81.13 days, a spectral type of both components of B9.5V, V = 5.47 mag, (B − V ) = −0.05 mag and (U − B) = −0.18 mag (Cowley, Cowley, Jaschek, & Jaschek 1969) . Its binary nature was determined by Campbell (1918) . The spectroscopic orbit was derived by Belserene (1947) based on 28 radial velocity measurements obtained in the years 1944-45 with the Lick Observatory Mills 3-prism spectrograph. The average error of these velocities is 5 km/s and it is the only set of RVs published for this star. HD 6118 has an orbital eccentricity of 0.89. The distance to the star is 127 ± 11 pc from the Hipparcos parallax measurement of 7.87 ± 0.68 mas (Perryman et al. 1997 ).
We observed HD 6118 in 2002 and collected 69 V 2 measurements in K band (see Table  4 ). Th best-fit solution to archival radial velocity (RV) and our V 2 measurements is shown in Table 2 . It is characterized by an rms of 4.8 km/s and 3.6 km/s in the RVs of the primary and secondary and 0.066 in V 2 (see Fig. 1-2) . The reduced χ 2 of the combined RV/astrometric solution is 1.06. The derived physical parameters of the primary and secondary are shown in Table 3 . The masses of the components are reasonably well determined as 2.65 ± 0.27M ⊙ and 2.36 ± 0.24M ⊙ . The accuracy of the parallax, 8.86 ± 0.07 mas, is ten times better than from Hipparcos but consistent with Hipparcos determination at 1.5 of its formal error. The masses of the components accurate at the 10 percent level do not allow us to perform any challenging tests of stellar evolution models. Nevertheless, they can be used to estimate the age of HD 6118. To this end, we used the theoretical isochrones from Bertelli et al. (1994) and the K-band photometric data for HD 6118 from the 2MASS catalog (Cutri et al. 2003) . Even though we do not have any abundance information for the star, the error in the age is dominated by the errors in the component masses. From Figure 4 it follows that the age is 160-200 Myr (depending on the assumed abundance) with a rather large error of about 100-150 Myr. Finally, as can be seen in Figure 3 , the apparent separation between the components is always too large to allow for an eclipse (the estimated angular diameters of the components are ∼ 0.15 mas while the smallest orbital separation is about 0.8 mas).
HD 27483
HD 27483 (HR 1358, HIP 20284) is a double-lined spectroscopic binary in the Hyades open cluster It has an orbital period of 3.06 days, a spectral type for both components of F6V, V = 6.16 mag, (B − V ) = 0.46 mag and (U − B) = 0.02 mag (Johnson, MacArthur, & Mitchell 1968) . The radial velocity orbit was determined by Northcott and Wright (1952) and improved by Mayor and Mazeh (1987) . The distance to the system is 45.9 ± 1.8 pc from the Hipparcos parallax measurement of 21.8 ± 0.85 mas.
We observed HD 27483 in 2001 and 2002 and collected 81 V 2 measurements in K band (see Table 7 ). Unfortunately, HD 27483 is only partially resolved with PTI because its semimajor axis is only 1.2 mas. In such a case there is a strong correlation between the apparent semi-major axis,â, and the brightness ratio, r. In effect, it is not possible to determine both parameters reliably (see also Koresko et al. 1998) . Therefore, in order to derive the inclination of the system we proceeded as follows. One can assume that the brightness ratio is close to 1, since the mass ratio of both stars is very close to 1. Also, one can use the parallax measurement from Hipparcos, κ , to additionally constrain the least-squares fit (throughâ = aκ). With such a setup (r = 1, κ = 21.8 mas), we fitted for the remaining orbital elements. The best-fit solution (see Table 5 ) to the archival radial velocity (RV) from Mayor & Mazeh (1987) and our V 2 measurements is characterized by the rms of 1.1 km/s and 1.8 km/s in the RVs of the primary and secondary and 0.045 in V 2 (see Fig. 5-6 ). The reduced χ 2 of the combined RV/astrometric solution is 1.3. The derived physical parameters of the primary and secondary are shown in Table 5 . Their errors include systematic contribution from the assumed brightness ratio (10 percent in r) and the parallax (0.85 in 21.8 mas). The masses of the components are 1.38 ± 0.13M ⊙ and 1.39 ± 0.13M ⊙ . Unfortunately, we cannot independently determine the distance to Hyades using the current set of V 2 measurements for HD 27483. The star is a perfect candidate for future measurements with CHARA (that will offer a much longer baseline) since for a 3-day period binary it is easy to acquire a complete orbital phase coverage in a relatively short period of time. However, our mass determination of the components and the Hipparcos distance (corresponding to M V = 3.6 mag for HD 27483 A and B if r = 1) place the stars in the mass-luminosity diagram very close to the prediction based on current theoretical isochrones for the Hyades cluster (see Fig. 4 from Lebreton, Fernandes, & Lejeune 2001) .
Summary
We have resolved two double-lined spectroscopic binaries, HD 6118 and HD 27483, with the Palomar Testbed Interferometer. The data collected with PTI in 2002-2003 in the K band allow us to determine astrometric orbits and when combined with the radial velocity measurements also to derive all physical parameters of the systems. The masses of the components of HD 6118 are 2.65 ± 0.27M ⊙ and 2.36 ± 0.24M ⊙ and the distance to the system is 112.9 ± 0.9 pc. Using the theoretical isochrones from Bertelli et al. (1994) , we determine the age of HD 6118 AB as approximately 160-200 Myr. HD 27483 is a doublelined spectroscopic binary in the Hyades open cluster. The masses of its components are 1.38 ± 0.13M ⊙ and 1.39 ± 0.13M ⊙ . Unfortunately, the system is only partly resolved with PTI and hence we are unable to reliably determine its apparent semi-major axis and thus the distance. However, our measurement of the component masses and the distance to the star from the Hipparcos catalog place the binary in the mass-luminosity diagram very close to the theoretical prediction by the current models for the Hyades cluster (Lebreton, a The adopted diameters of the calibrators are determined from their effective temperature and bolometric flux derived from archival photometry. 
